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Flash photolysisFor membrane protein studies, nanodiscs have been shown to hold great potential in terms of preparing soluble
samples while maintaining a lipid environment. Here, we describe the differences in lipid order and protein dy-
namics in MSP1 nanodiscs compared to lamellar preparations by solid-state NMR. For DMPC, an increase of the
dipolar C-H lipid acyl chain order parameters in nanodiscs is observed in both gel- and liquid crystalline phases.
Incorporating proteorhodopsin in these nanodiscs resulted in a signiﬁcantly longer rotating frame spin-lattice re-
laxation time for 13C leerzeichenand better cross polarisation efﬁciency due to restrictedproteindynamics. A com-
parison of 13C–13C correlation spectra revealed no structural differences. The incorporation of proteorhodopsin
into nanodiscs has been optimisedwith respect to detergent and to protein/scaffold protein/lipid stoichiometries.
Its functional state was probed by time-resolved optical spectroscopy revealing only minor differences between
lamellar and nanodisc preparations. Our observations show remarkable dynamic effects betweenmembrane pro-
teins, lipids and scaffold protein. The potential use of nanodiscs for solid-state NMR applications is discussed.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Membrane proteins (MP) are key molecules of living cells and
therefore potential targets for pharmaceutical research. They are
involved in essential processes like signal transduction, transport,
energy generation and cell–cell interaction. Investigating membrane
proteins requires overcoming several hurdles of which expression
and stabilizing their hydrophobic domains are especially challenging.
The use of detergent micelles can only mimic the hydrophobicity of
the lipid bilayer in the cell membrane, but not its lateral pressure
proﬁle, curvature or its chemical properties. To overcome these limita-
tions, protocols were developed to reconstitute membrane proteins
into artiﬁcial lipid bilayers for structural or functional characterization,
but aggregation or mixtures/equilibria between different oligomeric
states within the lipid bilayer can result in inhomogeneous samples
limiting further analysis [1].
An alternative tool to study membrane proteins is offered by the
development of nanodiscs [2,3]. Nanodiscs are composed of a small
patch of lipid bilayer surrounded by a membrane scaffold protein
(MSP). The MSP stabilizes the lipid bilayer in solution and keeps the
inserted membrane protein in its oligomeric state [4–7]. Nanodiscs
offer a high degree of ﬂexibility to meet the integrated membrane
protein's requirements, since different lipids and different scaffold
proteins can be used resulting in nanodiscs with variable diameters: 0049 69 798 29929.
aubitz).
l rights reserved.and lipid composition [3,8]. Furthermore, in contrast to lamellar
preparations, both sides of the membrane protein are fully accessible.
Due to their favourable properties, membrane protein–nanodisc
complexes are increasingly used for biochemical as well as structural
analysis for example by solution state NMR [9] or single particle EM
investigations [10].
Although solubility is of no concern for solid-state NMR, the
well-deﬁned membrane environment offered by nanodiscs holds a
number of advantages. Their general applicability has been demon-
strated by solid-state NMR studies on the membrane scaffold protein
MSP1 [11], its interactions with lipids within nanodiscs [12], a
nanodisc embedded membrane protein [13] and the effect of Ca2+
on POPC/POPS membranes [14].
Here, we show by solid-state NMR to which extent lipid order and
protein dynamics are affected by the nanodisc speciﬁcs. As a model,
we have incorporated green proteorhodopsin (PR) in nanodiscs
formed by the scaffold protein MSP1. Green proteorhodopsin is a
type-1 retinal protein frommarine bacteria acting as light-driven pro-
ton pump for which reconstitution into nanodiscs has been described
before [15,16]. Its optical properties offer a convenient way to assess
nanodisc assembly and functional state. PR forms hexamers and
pentamers in detergent micelles and liposomes [17–19] and has
been well characterized in liposomes by solid-state NMR [20–23].
We have probed the efﬁciency of PR incorporation and the homoge-
neity of resulting nanodiscs as a function of protein/scaffold protein/
lipid ratio and have tested the inﬂuence of detergent (DDM, DHPC)
and lipid (DMPC, POPC). Best conditions were obtained for the use
of DHPC and DMPC and an initial 1:2:40 ratio. Protein function has
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parameters of the DMPC acyl chains as measured by separated local
ﬁeld spectroscopy did show a signiﬁcantly higher lipid order in
nanodiscs compared to liposomes. On the protein side, an increase
in the carbon spin lattice relaxation time in the rotating frame
(13C-T1ρ) together with a higher cross polarisation efﬁciency was
detected. Potential structural differences between PR in nanodiscs
and liposomes were probed by 13C–13C correlation spectra. The po-
tential applications and beneﬁts of nanodiscs for solid-state NMR
studies are discussed.
2. Experimental procedures
2.1. Materials
1,2-Diheptanoyl-sn-glycero-3-phosphocholine (DHPC), 1,2-
dimyristoyl-sn-glycero-3-phosphate (DMPA), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Dodecyl-β-D-maltoside (DDM)
and decyl-β-D-maltoside (DM) and all other chemicals were pur-
chased from Applichem (Darmstadt, Germany).
2.2. Expression and puriﬁcation of MSP1
Expression and puriﬁcation of MSP1 was done as described
previously [15].
2.3. Expression and puriﬁcation of PR
Proteorhodopsin in pET 27b+ was expressed in C43 (DE3) cells
using minimal medium M9. For reverse labeling of FLVWY, these
amino acids were added to the medium during cell growth and ex-
pression. Cells were grown at 37 °C and 220 rpm until OD578 ~0.8.
To induce expression of PR, 1 mM IPTG and additionally 0.7 mM
all-trans retinal were added. Expression was done overnight at 30
°C. The cells were harvested for 10 min at 6,000 g and 4 °C (Beckman
Avanti J-E centrifuge). Cells were solubilized in lysis buffer (250 mM
sucrose, 150 mM NaCl, 10 mM Tris–Cl pH 7.5, 2.5 mM MgSO4,
DNAse 0.5 μM) and passed through a cell disruptor (Constant
Systems Limited, United Kingdom) three times at 1.8 kbar at 4 °C.
A low spin (10,700g, 10 min, 4 °C, Beckman Allegra 21R centrifuge)
and a high spin (194,000 g, 60 min, 4 °C, Beckman Optima LE-80K
centrifuge) centrifugation step were applied to remove cell debris
and harvest the membranes. Solubilisation was done with 1% DDM
(w/v) for at least 1 h at 4 °C. Unsolubilised material was removed
by centrifugation (194,000 g, 45 min, 4 °C, Beckman Optima
LE-80K centrifuge). For protein puriﬁcation the supernatant was in-
cubated with Ni-NTA resin (according to manufactures manual)
(Qiagen, Hilden, Germany) for 1 h or overnight at 4 °C. After remov-
ing unspeciﬁcally bound protein by washing with binding buffer the
detergent was exchanged for 0.7% DHPC by washing with 10 column
volumes (solubilization and binding buffer: 50 mM MES, 300 mM
NaCl and 50 mM imidazole at pH 6; elution buffer: the same as before
except 500 mM imidazole and pH 7).
2.4. Reconstitution into liposomes and nanodiscs
In order to reconstitute the proteins into liposomes, detergent sol-
ubilized protein was mixed with the DMPC/DMPA (9:1 w/w) lipid
mixture (2 mg/mL) at a protein to lipid ratio of 1:2 (w/w) and incu-
bated for 1 h at room temperature. Afterwards 80 mg/mL Bio-Beads
(SM-2, Bio-Rad, Muenchen, Germany) were added and the mixture
was left at room temperature for another hour. After addition of
again 80 mg/mL Bio-Beads the solution was transferred to 4 °C and
left over night on a rocking shaker. For incorporation of proteinsinto nanodiscs detergent puriﬁed protein is mixed with soluble
MSP1 and lipids at deﬁned concentrations. Lipids were solubilized
at 50 mM in 100 mM sodium cholate by sonication for 10 min. The
mixture of PR, MSP1, lipid and detergent was incubated for 1 h at
room temperature. Detergent was dialyzed out for 3 days at RT for
the ﬁrst step and afterwards at 4 °C with four times buffer exchange
(50 mMHEPES, 75 mM NaCl, pH 7.4) at a buffer excess of at least 500
times unless described differently. After dialysis, the samples were
centrifuged for 20 min at 22,000 g and 4 °C to remove possible ag-
gregates. If step dialysis was performed, the assembly mixture was di-
alyzed against buffer containing 0.075% DHPC (w/v, equal to 1.1×
cmc) for 24 h before the detergent was removed completely during
the following dialysis steps. For temperature cycle assembly samples
were incubated at 30 °C for 10 min, followed by 20 °C for 10 min one
or three times each, before assembly was initialized by detergent
removal.
2.5. Size exclusion chromatography
Samples were centrifuged (22,000g, 10 min, 4 °C) to remove ag-
gregates before loading on a Superdex 200 3.2/30, or a Tricon 10/
300 with Superdex 200 resin (GE Healthcare, Munich, Germany).
Size exclusion chromatography (SEC) was operated as described in
the user manual. Elution of membrane protein nanodisc complexes
was monitored via A280 and additionally at A520 to detect the PR
speciﬁc co-factor.
2.6. Optical spectroscopy
UV/VIS absorption spectra were measured with a Jasco V-500
UV/VIS spectrometer (Jasco, Groß-Umstadt, Germany) using a
Quartzcuvette with a diameter of 0.3 cm. Flash photolysis mea-
surements were done as described elsewhere [15,21].
2.7. Nanodisc precipitation
The solution containing PR-nanodiscs complexes was set to 15%
polyethylene glycol (PEG) 6000 (from 40% stock solutions) and
incubated for 48 h at 4 °C. Samples were centrifuged (255,000 g,
120 min, 4 °C) and transferred into MAS sample container (Bruker
Biospin, Karlsruhe, Germany).
2.8. Solid state NMR
All spectra were acquired on a Bruker Avance 600 solid-state NMR
spectrometer (600.13 MHz for 1H and 150.92 for 13C) using a 4 mm
MAS DVT probe head (Bruker, Karlsruhe, Germany), a MAS frequency
of 10 kHz and SPINAL-64 [24]. All measurements were carried out at
270 K expect for SLF measurements that were recorded at 270 and
300 K. Approximately 7–9 mg of protein in liposomes or nanodiscs
were packed into a 4 mm MAS rotor. For cross polarization, a 2.5 μs
90° proton pulse for nanodiscs and 3 μs for proteoliposomes, a
contact time of 1 ms and a recycle delay of 2 s were used. For direct
polarization, a recycle delay of 10 s was applied, 5 and 5.5 μs 90° car-
bon pulses for nanodiscs and proteoliposomes, respectively were
used. 13C- and 1H-T1ρ were determined using spin lock ﬁelds of vari-
able lengths at 40 and 81.7 kHz, respectively. Proton decoupling dur-
ing acquisition was 100 kHz. Lipid acyl chain order parameters of
empty liposomes and nanodiscs were determined by separated local
ﬁeld spectroscopy based on PISEMA [25] as described by Sandström
and co-workers [26–28] using amplitude modulated FSLG-CP during
t1. During FSLG-CP, a 50 kHz 1H ﬁeld with 35 kHz offset was used
resulting in a FSLG cycle time of 32.7 μs. Spectra were recorded at
270 and 300 K with 512 scans and 128 increments in the dipolar
dimension. Proton decoupling during acquisition was 89.3 kHz.
Approximately 60 mg of DMPC in both preparations was used.
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using proton-driven spin diffusion (PDSD) with a mixing time of
20 ms. Spectra were recorded at 270 K with 800 increments and
144 scans using approximately 15 mg of proteorhodopsin. During
acquisition 100 kHz proton decoupling was used for the liposome
sample and 65.5 kHz for the nanodisc sample. For processing 25 Hz
of exponential line broadening was added to the direct and −20 Hz
of Gaussian line broadening to the indirect dimension. Chemical shifts
were referenced to DSS. Topspin 2.0 and 2.1 (Bruker, Karlsruhe,
Germany) were used for data acquisition and processing.
3. Results
3.1. Optimizing conditions for an efﬁcient assembly of proteorhodopsin
nanodisc complexes
Reconstitution into nanodiscs requires a scaffold protein such as
MSP1, lipids, and the detergent solubilized membrane protein at a
speciﬁc stoichiometry. Removing detergent, preferably by dialysis, in-
duces nanodisc formation. Commonly used hydrophobic polystyrene
beads (Bio-Beads) have been shown to be less applicable since they
also absorb MSP1 [15].
Here we have screened for the best reconstitution conditions to
embed PR into nanodiscs from a detergent solubilized state (DDM).
The PR speciﬁc optical absorption at 520 nm was used to assess the
amount of PR kept in solution by incorporation into nanodiscs
under different reconstitution conditions. Insoluble aggregates were
removed from solution by centrifugation (22,000 g, 10 min, and 4
°C). The same amount of protein was used in all tests. The solubility
of PR in detergent micelles as judged from absorption at 520 nm is
set to 100% (Fig. 1, row 1). As a control, detergent solubilized PR
was dialyzed against a detergent free buffer without adding lipids
or MSP1 resulting in removal of PR from the solution due to aggrega-
tion/precipitation and subsequently loss of absorbance (Fig. 1, row 0).
We have now repeated this experiment in the presence of MSP1 and
DMPC or POPC. The molar ratio PR/MSP1 was kept constant at 1:2 to
minimize the amount of empty nanodiscs, while three different PR/0 20 40 60 80 100 120
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Fig. 1. Quantitative analysis of the efﬁciency of reconstituting PR from DDM into
nanodiscs containing either DMPC or POPC. Detergent was removed by dialysis
followed by a centrifugation step to remove insoluble aggregates. The amount of PR
kept in solution in a nanodisc was determined by measuring the PR speciﬁc absorption
at 520 nm. For comparison and as a positive control, 20–30 μmol of PR were solubi-
lized in DHPC (row 1). As negative control, this sample was subjected to dialysis and
centrifugation without addition of lipids or MSP, resulting in aggregation and precipi-
tation of PR (row 0). A number of different experimental conditions (molar ratio PR/
MSP/lipid, step dialysis (+/−), temperature cycles) were tested resulting in 80–90%
incorporation efﬁciency for DMPC. When POPC was used the efﬁciency was reduced.
See experimental section for further details.lipid ratios of 1:120, 1:240 and 1:480 (all mol/mol) were tested
(Fig. 1, rows a–k). Furthermore, step dialysis for slower detergent
removal was performed in which the detergent concentration is
reduced to 1.1 × cmc during a ﬁrst dialysis step before completely
removing the detergent in a second step (Fig. 1, rows b, d, and f).
Performing a step dialysis did only show minor improvements for
reconstitution efﬁciency (b10%). For DMPC, incorporation between
80 and 100% (Fig. 1, rows a–h) but for POPC, only 30–50% were
achieved (Fig, 1, rows i–k). Incorporation efﬁciency was not improved
by performing temperature cycles across the main lipid phase transi-
tion during dialysis (Fig. 1, rows c–f). Reducing the excess of DMPC
did not have an effect on incorporation efﬁciency (Fig. 1, rows g
and h), while a clear improvement was observed fro POPC (Fig. 1,
rows i–k). The data in Fig. 1 show that best incorporation into
DMPC can be achieved under the conditions used here. For solid-
state NMR studies on PR in proteoliposomes, a mixture of DMPC:
DMPA (9:1 w/w) was found to provide well resolved spectra [29].
Also with this lipid composition the same high incorporation efﬁcien-
cy was achieved. We have therefore used it for all further studies to
ensure full comparability with published data.
Since not only high incorporation efﬁciency but also high sample
homogeneity is needed for biophysical studies, further optimizations
based on SEC analysis of PR-nanodisc complexes formed from differ-
ent PR/MSP1/lipid ratios were carried out (Fig. 2). PR was either sol-
ubilized in DHPC (Fig. 2, top row) or in DDM (Fig. 2, lower row). In
contrast to the data on incorporation efﬁciency presented in Fig. 1,
homogeneity of the assembled PR-nanodisc complexes depends
strongly on the amount of lipid used. Reducing the amount of lipid
increased sample homogeneity in case of both detergents, but only
for DHPC, a condition leading to a monodisperse elution proﬁle was
found (PR/MSP1/lipid=1:2:40 mol/mol/mol).
3.2. Optical spectroscopy
An optical absorption spectrum of PR in nanodiscs under opti-
mized conditions is compared to PR in DHPC (Fig. 3). Both spectra
were acquired at pH 9. In nanodiscs, PR shows the usual λmax at 520
nm while a red shift to 528 nm is observed in DHPC. The peak at
520 nm is speciﬁc for PR, while at 280 nm both PR and MSP1 contrib-
ute. The actual molar ratio of MSP1:PR in the nanodisc can be estimat-
ed from A280/A520:
A280
A520
¼ ε
PR
280  cPR þ εMSP1280  cMSP
εPR520  cPR
¼ ε
PR
280
εPR520
þ ε
MSP1
280  cMSP
εPR520  cPR
¼ 1:7þ 0:57 cMSP1
cPR
The extinction coefﬁcients are ε280PR =75,860 M−1 cm−1, ε520PR =
44,500 M−1 cm−1 and ε280MSP1 =24,750 M−1 cm−1. Therefore, PR in
detergent without MSP1 should have a ratio of A280/A520 of 1.7,
which is close to the observed value in DHPC of 1.85 (Fig. 3). For PR
in nanodiscs, a ratio of 2.1 was obtained. Two MSP1 molecules always
form one nanodisc. Proteorhodopsin as monomer, trimer, pentamer
or hexamer would therefore result in ratios of 2.82, 2.07, 1.92 and
1.89, respectively. This means that PR is embedded as higher oligomer
but not as monomer in nanodiscs.
The observed λmax at 520 nm in nanodiscs is already a good indica-
tor for the correct fold of PR. To verify its correct activity further, we
have analysed the photocycle kinetics of PR in DMPC/DMPA liposomes
as well as in DMPC/DMPA nanodiscs by ﬂash photolysis (Fig. 4).
Transient absorbance changes were observed at three different wave-
lengths, representing the lifetimes of the K, N/ O-intermediates (590
nm), the M-intermediate (400 nm) and the repopulation of the initial
state (500 nm). Both samples show a similar behaviour. The popula-
tion of the K intermediate observed at 590 nm decreases on a μs
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Fig. 2. Size exclusion chromatography of proteorhodopsin reconstituted into nanodiscs and as detergent solubilized proteomicelles. The upper row shows PR-nanodiscs complexes
prepared from DHPC solution and the lower row from DDM solution. The ﬁrst panel in each row was analyzed on a Superdex 3.2/30 column, while all other samples were analyzed
on a Tricon 10/300 column with Superdex 200 resin. From left to right the amount of lipid (DMPC/DMPA 9:1 w/w) added was reduced. To verify the incorporation of PR the total
absorption at 280 nm (continuous line) and the PR speciﬁc (dashed line) absorption were recorded. In all cases PR co-localizes with MSP1. A ratio of 1:2:40 (PR/MSP1/lipid
mol/mol) shows the most homogenous peak for both detergents (D). The elution proﬁle of the reconstitution from DHPC exhibits a narrower proﬁle and this preparation was
therefore chosen for further experiments.
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tored at 400 nm. The later decay of the M state leads to an increase
of absorption at 590 nm due to formation of the N/O intermediate.
Restoration of the initial state is detected at 500 nm. A global ﬁt analy-
sis reveals 5 time constants to describe the photocycle in both prepara-
tions. For liposomes, we found τ1=30 μs, τ2 =450 μs, τ3=2,5 ms,
τ4=14 ms, τ5=82 ms and for nanodiscs τ1=12 μs, τ2=200 μs,
τ3=3.2 ms, τ4=20 ms and τ5=135 ms. Although the dynamics of
PR reconstituted in nanodiscs and liposome exhibit similar photody-
namics, the lifetime of the M-intermediate is signiﬁcantly increased
compared to earlier data, resulting in a smaller amplitude of the late
red-shifted N/O-intermediate [30–32]. A similar effect was also300 400 500 600
0.0
0.5
1.0
ab
so
rp
tio
n 
[a.
u.]
wavelength [nm]
PR in DHPC
PR in ND
Fig. 3. Comparison of absorption spectra of PR solubilized in 0.7% DHPC and
reconstituted in DMPC/DMPA nanodiscs (ND) from DHPC micelles (condition D from
Fig. 2). The pH was adjusted to 9 in both cases. The absorption maximum λmax for
PR (DHPC) = 529 nm and PR (ND) =520 nm, A-Max is observed at 0.54 and 0.48
for DHPC and nanodiscs, respectively. The ratio A280/A520 is 1.8 for the detergent sol-
ubilized sample demonstrating high purity. Surprisingly, an almost similar ratio of 2.1
was observed in case of nanodiscs indicating the presence of higher oligomers (see text
for more details).reported for PR embedded in nanodiscs with different diameters [15].
These ﬁndings illustrate the dependence of the photocycle dynamics
on the environment. Nevertheless, the data presented here contain all
spectral features also found for PR in different membrane mimicking
environments [16,21,30–32].
3.3. Solid-state NMR
For MAS-NMR, PR-nanodisc complexes had to be packed into the
limited volume of a MAS rotor. Both precipitation and lyophilisation
have been shown to work [11,12]. In our hands, best precipitation ef-
ﬁciencies were found for 15% (w/v) PEG 6000. Due to the high solu-
bility of PR-nanodiscs, sedimentation by ultracentrifugation is not
applicable. Moreover, concentration devices (e.g. Amicon) were not
suitable because PR-nanodisc complexes precipitated and/or stuck
to the membrane if concentrations exceeded 175 μM.
A comparison of 13C-MAS NMR spectra of PR in liposomes and
nanodiscs is shown in Fig. 5a and b. In both cases, directly polarized
13C spectra are compared with spectra obtained via cross polarization.
A better signal enhancement is obtained for PR in nanodiscs (approx-
imately 4-times vs. 2-times for the Cα region). Alterations in cross
polarization efﬁciencies are often an indicator for differences in mo-
lecular dynamics since they depend on C-H dipolar couplings and
proton and carbon rotating frame spin lattice relaxation time (T1ρ).
1H-T1ρ was determined to be 4.0 ms in liposomes and 5.5 ms in
nanodiscs, while 13C-T1ρ changed more dramatically from 0.8 to
12.6 ms (Fig. 5c).
Our observations show that protein dynamics is altered in
nanodiscs. These changes could be mediated via the lipid phase for
example through an altered lateral pressure proﬁle. We have there-
fore probed the DMPC acyl chain order parameters in nanodisc prep-
arations compared to liposomes by dipolar separated local ﬁeld
spectroscopy using amplitude modulated FSLG-CP (Fig. 6) [27]. We
have analyzed chain positions 2, 3, 4–11, 12 and 13. In DMPC lipo-
somes in the ﬂuid phase, typical SCH order parameters along the
acyl chain between 0.12 and 0.19 are observed. These order parame-
ters are signiﬁcantly increased in nanodiscs to values from 0.15 to 0.3.
The same observation is made in the lipid gel phase, in which the li-
posomal order parameters are found between 0.34 and 0.43 and for
Fig. 4. Laser ﬂash induced time-dependent absorbance changes of green proteorhodopsin reconstituted from DHPC into DMPC/DMPA proteoliposomes and DMPC/DMPA nanodiscs.
The PR-nanodisc sample shows a spectral behavior similar to that of proteoliposomes.
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acyl chain order in nanodiscs.
A comparison between PDSD spectra of PR in both preparations is
shown in Fig. 7. Overall the two preparations result in similar spectra
with respect to chemical shift and line width. The alanine and the
threonine regions contain the characteristic β-sheet peaks previously
reported by Ladizhanski and co-workers [33]. There are a few signals
that can only be detected in one of the two spectra or appear slightly
shifted (marked regions in Fig. 7). They are found in regions of
relatively low S/N and are probably due to the differences in protein
dynamics.
4. Discussion
Our data illustrate the importance of screening reconstitution con-
ditions to achieve efﬁcient and homogeneous nanodisc assembly.
Proteorhodopsin was used because the speciﬁc absorption can be
traced during the optimization process. The optimization towards a
homogeneous sample preparation revealed several critical parame-
ters: (I) The lipids used for nanodisc formation, (II) the detergent
for membrane protein solubilisation, and (III) the initial PR:MSP1:
lipid stoichiometry used for assembly (Fig. 1). Their different chain
length and surface area [3] could cause the empirically observed dif-
ference in reconstitution efﬁciency between DMPC and POPC
(Fig. 1). This is supported by our observations that decreasing
amounts of POPC yield better incorporation efﬁciency. The difﬁculties200 160 120 80 40 0
13C chemical shift [ppm]
nanodiscs
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A
B
CCP
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0.0
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Fig. 5. Comparison between directly polarized (DP) and cross-polarized (CP) 13C spectra of
polarization enhancement for the nanodisc preparation. One can explain this observation b
(0.8 ms) (C). Only small differences are observed for 1H-T1ρ (PL: 4.0 ms; ND: 5.5 ms). All
13C-T1, respectively. See experimental section for further details.reported by [16] to prepare PR in MSP1D1 nanodiscs in an efﬁcient
and functional form could be caused by the use of Bio-Beads or the
applied detergent (TritonX-100 versus DHPC).
Reconstitution of DHPC solubilized PR resulted in a more homoge-
neous complex formation compared to PR solubilized in DDM as
revealed by SEC analysis (Fig. 2). Proteorhodopsin shows already a
more monodisperse SEC proﬁle in DHPC compared to DDM prior to re-
constitution. One reason for this difference could be the tendency of PR
to form higher oligomers in DDM [19]. Our data also show that there is
an optimum for the molar PR/MSP1/lipid ratio used for nanodisc as-
sembly. A deﬁned number of lipids is encircled by the MSP [3]; thus,
a deﬁned stoichiometry needs to be established, although the ﬁnal
ratio within the assembled nanodisc might well differ from the ratio
applied initially. The A280/A520 ratio obtained from the optical absorp-
tion spectrum in Fig. 3 shows that PR forms a higher oligomer in our
nanodiscs, similar to Bernhard and co-workers [15]. Bacteriorhodopsin,
a similar archaeal 7 TM retinal protein, was found to form trimers in
the same nanodiscs [34], while in another study on proteorhodopsin
using the larger scaffold protein MSP1E3D1, the formation of nanodiscs
with PR monomers was suggested [16]. Interestingly, in case of Bovine
rhodopsin and larger MSP1E3D1 nanodiscs, a monomer was found
when applying the initial molar ratios rhodopsin:MSP1E3D1:lipid of
1:10:140 mol/mol/mol and a dimer formed for 1:1:90 mol/mol/mol
[4,35]. Reconstitution of bovine rhodopsin into Apo A1 from zebra
ﬁsh resulted in a mixed population of 55% dimeric and 45% monomeric
complexes [36]. In another case, the β2 adrenergic receptor was13C-T1ρ ND
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under initial reconstitution stoichiometries of 1:150:9000 (β2 adrener-
gic receptor/MSP1/lipid, mol/mol/mol) [37]. These variations are prob-
ably due to different reconstitution methods (Bio-Beads, dialysis),
different lipids and different detergents. It is therefore almost impossi-
ble to compare these cases directly, since especially Bio-Beads were
shown to adsorb other hydrophobic nanodisc components [38].
Flash photolysis data (Fig. 4) show rather similar photocycle ki-
netics for PR in nanodiscs and in liposomes. The slightly different
time constants reported by [16] for PR in MSP1E3D1 nanodiscs
could be caused by differences in the oligomeric state of PR or gener-
ally different sample preparation and experimental conditions
(detergent, buffer composition, temperature).
Solid-state NMR (Fig. 5) shows reduced dynamics for PR embed-
ded in nanodiscs. The 13C spin lattice relaxation time in the rotating
frame (13C-T1ρ) is sensitive to motions at a time scale of 10−6 s and
is an order of magnitude longer in nanodiscs compared to liposomes.
This observation agrees well with previously reported speciﬁc cross
polarization efﬁciency of 40% on the scaffold protein itself [11]. Thisdecrease in protein dynamics coincides with a signiﬁcantly increased
lipid chain order in nanodiscs (Fig. 6), which could be due to addi-
tional constraints caused by the scaffold protein wrapped around
the lipid patch [39]. An increase in lipid order has also been reported
for lipodisqs, in which lipid patches are surrounded by polymers [40].
An increase in chain order results in increased bilayer thickness in
nanodiscs compared to lamellar preparations. This has been indeed
observed for both gel- and liquid-crystalline phases of DMPC in
nanodiscs compared to liposomes [39,41,42]. Although lipids adopt
a higher order in nanodiscs, they show a similar phase behaviour as
in lamellar preparations [12,43]. Our data also show that lipids exist
in a homogeneous phase with same order and dynamics for all lipids
on the NMR time scales as also suggested by [14].
Our data show that the scaffold protein in nanodiscs induces
higher order in lipids, which can explain the restricted mobility of
nanodisc embedded PR. This conclusion assumes that there is no ad-
ditional contribution to the protein dynamics from differences in pro-
tein–protein contacts caused by different oligomeric states in
nanodiscs compared to liposomes. Here, we can only state that PR is
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posomes. Therefore, we cannot exclude that different oligomeric
forms are compared, which might show different intrinsic molecular
mobility. On the other hand, if these differences are signiﬁcant, we
would expect them to be reﬂected in the photodynamics as shown
for bacteriorhodpsin [44]. Since the photocycle dynamics is very
similar for both cases, contributions from the potentially different
oligomerisation behaviour of PR in our nanodiscs compared to
lipsosomes to its dynamics can be neglected.
The state of PR within precipitated nanodiscs has been probed by
13C–13C PDSD spectra (Fig. 7). Peak positions and line width are main-
ly unchanged. Some of the assigned resonances are highlighted in
Fig. 7 [29]. The minor differences might be explained by the differ-
ences in 13C-T1ρ relaxation times resulting in different cross
polarisation dynamics. Overall we conclude that neither the nanodisc
nor the PEG precipitation alters the structure of the protein and spec-
tra quality is comparable to previously reported data conﬁrming the
applicability of nanodiscs for membrane protein investigation via
solid-state NMR [13].
5. Conclusion
Although soluble, the size of nanodisc complexes limits applica-
tion such as liquid state NMR [45]. Alternatively, solid-state NMR
could be used. While one of the key advantages of nanodiscs, their
solubility, is not required, the well deﬁned lipid environment, the ac-
cessibility of both sides of the membrane proteins and the possibility
to restrict protein–protein contacts in the membrane make nanodiscs
an attractive platform for solid-state NMR studies on membrane pro-
teins. Furthermore, nanodiscs might provide a lipid environmentwhose properties are even more native compared to liposomes in
terms of lateral pressure proﬁle and curvature [43,45]. Speciﬁcally
for solid-state NMR, a striking increase in cross polarization efﬁciency
and possible reduction in lipid to protein ratio makes them an inter-
esting alternative for membrane protein studies. It has been shown
here and by others [13] that precipitation by hygroscopic PEG is a
convenient way to prepare highly concentrated complexes of mem-
brane proteins in nanodiscs, but the recently demonstrated possibili-
ty to perform solid-state NMR on soluble, large macromolecular
complexes by utilizing the rotation of the MAS rotor for sample sedi-
mentation [46] might offer additional ﬂexibility for sample prepara-
tion in the future.
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